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A clear image of a target to be measured is obtained by
suppressing influence of a reflected beam from the surface of
the target or a measurement target holding unit. A laser beam
emitted from a light source is split into a signal beam,
reference beam, and control beam. The signal beam is
focused onto the target with an objective lens, so the target
is irradiated with the signal beam. The amount of defocus of
the control beam is controlled with a defocus control unit,
and the phase of the control beam is controlled with a phase
control unit. A signal beam reflected or scattered by the
target is combined with the control beam to generate a
controlled signal beam, and the controlled signal beam is
combined with the reference beam. A plurality of interfer-
ence beams with different phases are generated with inter-
ference optics, and phase diversity detection is performed.
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1
OPTICAL MEASUREMENT APPARATUS
FOR MEASURING A TARGET USING
SIGNAL, REFERENCE, AND CONTROL
BEAMS

CLAIM OF PRIORITY

The present application claims priority from Japanese
patent application JP 2013-206962 filed on Oct. 2, 2013, the
content of which is hereby incorporated by reference into
this application.

TECHNICAL FIELD

The present invention relates to an optical measurement
apparatus, and more particularly to an optical measurement
apparatus for optically observing cross-sections.

RELATED ART

In recent years, optical coherence tomography (OCT) has
been drawing attention that acquires an image reflecting the
surface structure or the inner structure of a target to be
measured, using a light beam (See Patent Document 1). As
the OCT is not invasive on the human body, it is expected
to be applied to the medical field and the biological field, in
particular. In the ophthalmological field, apparatuses for
forming images of fundus oculi or corneas have been put
into practical use. In the OCT, a light beam from a light
source is split into two: a signal beam to irradiate a target to
be measured, and a reference beam to be reflected by a
reference beam mirror without irradiating the target to be
measured, and then, a signal beam reflected from the target
to be measured is combined with and thus is caused to
interfere with the reference beam, whereby an interference
signal is obtained.

The OCT is broadly divided into the time domain OCT
and the Fourier domain OCT depending on the method of
moving a measurement position in the optical axis direction
(hereinafter referred to as z-scan). In the time domain OCT,
z-scan is performed by using a low coherence light source as
a light source and moving a reference beam mirror during
the measurement. Accordingly, only the components in a
signal beam that have the same optical path lengths as the
reference beam will interfere with the reference beam,
whereby an interference signal is obtained. When envelope
detection is performed on the interference signal, a desired
signal is obtained through demodulation. Meanwhile, the
Fourier domain OCT is further divided into the wavelength-
scanning OCT and the spectral domain OCT. In the wave-
length-scanning OCT, z-scan is performed by using a wave-
length-scanning light source capable of causing the
wavelength of an emitted beam to scan, and causing the
wavelength to scan during the measurement. When Fourier
transform is performed on the wavelength dependence of the
detected interference beam intensity (i.e., an interference
spectrum), a desired signal is obtained through demodula-
tion. In the spectrum domain OCT, the following corre-
sponds to the z-scan: using a broadband light source for a
light source, splitting a generated interference beam using a
beam splitter, and detecting the interference beam intensity
(i.e., an interference spectrum) for each wavelength com-
ponent. When Fourier transform is performed on the
obtained interference spectrum, a desired signal is obtained
through demodulation.
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PRIOR ART DOCUMENTS

Patent Document 1: JP 2011-218155 A
Non-patent Document 1: Optics Express Vol. 19, 5536-
5550 (2011)

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

When a living organism is measured with the OCT, a
reflected beam from the inside of a target to be measured is
typically far weaker than a reflected beam from the surface
of the target to be measured or a reflected beam from the
interface between a measurement target holding portion,
such as cover glass or a cell culture vessel, and the target to
be measured. For example, suppose a case where a cell in a
culture vessel, which is filled with a culture solution, is
measured as shown in FIG. 1. The refractive index of a
typical culture vessel (made of polystyrene) is about 1.59,
and the refractive index of the cell is about 1.37. From such
values, the reflectivity of the interface between the culture
vessel and the cell is estimated to be about 0.55%. Mean-
while, provided that the refractive index of the culture
solution is about 1.33, the reflectivity of the interface
between the cell and the culture solution is about 0.022%.
The reflectivity of the interface between different cells or the
inside of a cell is considered to be even smaller than 0.022%.
FIG. 2 shows an example of a waveform when a signal is
acquired along the z-scan axis shown in FIG. 1, using an
OCT apparatus with a resolution in the optical-axis direction
of 5 um. Herein, two reflecting points (i.e., the bottom
surface of the culture vessel and the apex of the cell) are
away from each other by 10 pm when calculated in terms of
the optical path length. FIG. 2 can confirm that the amplitude
of a peak that corresponds to the bottom surface of the
culture vessel is extremely large, which makes a signal from
the apex of the cell unnoticeable, and thus makes the signal
difficult to identify.

As described above, as the conventional OCT apparatus
detects a strong reflected beam from the surface of the target
to be measured or from the interface between the measure-
ment target holding portion and the target to be measured,
there is a problem in that it is impossible to clearly visualize
the structure of the target to be measured around a region
from which the strong reflected beam is generated.

Solution to the Problems

In order to solve the aforementioned problem, the present
invention splits a laser beam emitted from a light source into
a signal beam, a reference beam, and a control beam; focuses
the signal beam onto a target to be measured with an
objective lens so as to irradiate the target with the signal
beam; combines a signal beam reflected or scattered by the
target to be measured with the control beam, thereby gen-
erating a controlled signal beam; combines the controlled
signal beam with the reference beam to generate a plurality
of interference beams with different phases; and detects the
interference beams. A focus position of the signal beam is
moved by a focus position moving unit. In addition, defocus
of the control beam is controlled such that the amount of
defocus of the control beam becomes equal to that of a beam,
which is contained in the signal beam, reflected by the
surface of the target to be measured or by a measurement
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target holding unit. The phase of the control beam is
controlled such that it is different from the phase of the
signal beam by 180°.

Accordingly, control beam components and reflected
beam components from the surface of the target to be
measured or from the measurement target holding unit are
cancelled out against each other, so that the surface of the
target to be measured or the structure of the target to be
measured around the measurement target holding unit can be
clearly visualized.

As an example, the numerical aperture of the objective
lens that focuses a signal beam onto the target to be
measured is greater than or equal to 0.4.

Accordingly, it is possible to achieve a spatial resolution
in the optical axis direction that is greater than or equal to
that of the conventional OCT apparatus without using a
wideband light source or a wavelength scanning light
source.

As an example, a spherical aberration imparting unit
configured to impart a spherical aberration to the control
beam is provided.

Accordingly, the efficiency of interference between the
control beam and the reflected beam from the surface of the
target to be measured or from the measurement target
holding unit improves. Thus, contribution of a reflected
beam from the surface of the target to be measured or from
the measurement target holding unit can be suppressed
more.

As an example, the amount of defocus of the control beam
is controlled so that the difference between the amount of
defocus of the control beam and the amount of defocus of a
beam, which is contained in the signal beam, reflected by the
surface of the target to be measured or by a holding unit that
holds the target to be measured is 0.8560/(NA)* where the
wavelength of the laser beam is A and the numerical aperture
of the objective lens is NA.

Accordingly, the efficiency of interference between the
control beam and the reflected beam from the surface of the
target to be measured or from the measurement target
holding unit improves. Thus, contribution of a reflected
beam from the surface of the target to be measured or from
the measurement target holding unit can be suppressed
more.

As an example, the laser beam is split into two, and a
beam reflected by a flat plate, which is inserted in the optical
path of one of the split laser beams and is substantially
transparent to a laser beam, is used as a control beam, and
defocus of the control beam is controlled by controlling the
position of the transparent flat plate in the optical axis
direction.

Accordingly, it is possible with a simple and compact
optical configuration to allow control beam components and
reflected beam components from the surface of the target to
be measured or from the measurement target holding unit to
be cancelled out against each other, and thus clearly visu-
alize the surface of the target to be measured or the structure
or the target to be measured around the measurement target
holding unit.

As an example, the interference optics are configured to
generate four interference beams. An interference phase of
the signal beam and the reference beam of each of the four
interference beams differs from one another by an integral
multiple of substantially 90°. Pairs of interference beams are
detected by a current differential detector, each pair having
a difference of substantially 180° in the interference phase of
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the signal beam and the reference beam. Then, the sum of
squares of the two obtained detection signals is determined,
for example.

Accordingly, a stable signal that has no dependence on the
phase difference between a signal beam and a reference
beam and is proportional to the intensity of the signal beam
can be obtained. In addition, it is also possible to, by
determining the ratio between the two obtained detection
signals and performing arc tangent thereon, acquire phase
information on the signal beam. Further, as a current differ-
ential detector is used, the detector will not easily be
saturated even when the intensity of the reference beam is
increased. Thus, the S/N ratio of the signal can be increased
than when the current differential detector is not used.

As an example, the optical path length difference between
the signal beam and the reference beam is modulated by an
optical path length modulating unit more rapidly than the
rate of change of the optical path length of the signal beam
that occurs while the focus position of the signal beam is
moved, and the interference optics are configured to gener-
ate two interference beams. The two interference beams are
detected by a current differential photodetector, and enve-
lope detection is performed on the detection signals.

Accordingly, a desired signal can be acquired with less
detectors.

Effect of the Invention

According to the present invention, an optical measure-
ment apparatus can be provided that can suppress influence
of a reflected beam from the surface of a target to be
measured or from a measurement target holding portion, and
thus can visualize the surface of the target to be measured or
the structure of the target to be measured around the mea-
surement target holding portion.

Other problems, configurations, and advantages will
become apparent from the following description of embodi-
ments.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic view showing an example of a target
to be measured with the conventional OCT apparatus and the
OCT apparatus of the present invention.

FIG. 2 is a schematic view showing an example of a signal
measured with the conventional OCT apparatus.

FIG. 3 is a schematic view showing an exemplary con-
figuration of the optical measurement apparatus of the
present invention.

FIG. 4 is a schematic view showing an example of a signal
measured with the OCT apparatus of the present invention.

FIG. 5 is a schematic view showing an example of a signal
measured with the OCT apparatus of the present invention.

FIG. 6 is a schematic view showing an exemplary con-
figuration of the optical measurement apparatus of the
present invention.

FIG. 7 is a schematic view showing an exemplary con-
figuration of the optical measurement apparatus of the
present invention.

FIG. 8 is a schematic view showing a view in which an
objective lens is moved in the optical-axis direction.

FIG. 9 is a schematic view of a signal when a piezoelectric
element is not driven.

FIG. 10 is a schematic view of a signal when a piezo-
electric element is driven.
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MODE FOR CARRYING OUT THE INVENTION

Hereinafter, embodiments of the present invention will be
described with reference to the drawings.
[Embodiment 1]

FIG. 3 is a schematic view showing the basic embodiment
of the optical measurement apparatus of the present inven-
tion.

Alaser beam is emitted from a light source 301. The laser
beam is converted into a collimated beam by a collimator
lens 302, and is subjected to polarization rotation by a A/2
plate 303 capable of adjusting the optical axis direction, and
is further split into two by a polarization beam splitter 304.
One of the light beams split by the polarization beam splitter
304 becomes incident on a polarization beam splitter 324 as
a reference beam. The other of the light beams split by the
polarization beam splitter 304 is subjected to polarization
rotation by a A/2 plate 306 capable of adjusting the optical
axis direction, and is then split into two: a signal beam and
a control beam by a polarization beam splitter 307.

The signal beam passes through a A/4 plate 308 at which
the optical axis is set to about 22.5° with respect to the
horizontal direction, and thus is converted from the p-po-
larized beam into a circularly polarized beam. Then, the
beam is focused onto a target 312 to be measured, which is
arranged in a sample container 311, by an objective lens 309
with a numerical aperture of greater than or equal to 0.4, so
as to irradiate the target 312 to be measured. Herein, the
objective lens 309 is moved by an objective lens actuator
310 under the control of a control unit 323, so that the focus
position (i.e., measurement position) of the signal beam is
moved by the objective lens 309. A signal beam reflected or
scattered by the target to be measured passes through the
objective lens 309 again, and is then converted from the
circularly polarized beam into a s-polarized beam by the A/4
plate 308. Then, the beam becomes incident on the polar-
ization beam splitter 307.

The control beam is reflected by a mirror 314 attached to
a piezoelectric element 313. Then, the control beam passes
through a A/4 plate 315 at which the optical axis is set to
about 22.5° with respect to the horizontal direction, and thus
is converted from the s-polarized beam into a circularly
polarized beam. Then, the control beam irradiates a flat plate
318, which has a reflective film deposited on its rear surface,
by an objective lens 316 that is the same lens as the objective
lens 309. The control beam reflected by the flat plate 318
passes through the objective lens 316 again. Then, the
control beam is converted from the circularly polarized
beam into a p-polarized beam by the A/4 plate 315, and then
becomes incident on the polarization beam splitter 307.
Herein, the thickness and material of the flat plate 318 are set
so that spherical aberrations that are imparted to the control
beam by the flat plate 318 become equal to spherical
aberrations that are imparted to the reflected beam from the
sample container 311 by the sample container. As the flat
plate 318, the same container as the sample container 311
can be used, for example.

The control beam and the signal beam are combined by
the polarization beam splitter 307. Then, the combined beam
is subjected to polarization rotation by a A2 plate 319
capable of adjusting the optical axis direction, and is then
split into two by a polarization beam splitter 320. One of the
light beams split by the polarization beam splitter 320 is
focused by a condenser lens 321 and is then detected by a
detector 322. The other of the light beams split by the
polarization beam splitter 320 becomes incident on the
polarization beam splitter 324 as a controlled signal beam.
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6

Herein, the phase of the control beam is controlled by
driving the piezoelectric element 313 with the control unit
323 such that the intensity of a light beam detected by the
detector 322 becomes maximum. In addition, defocus of the
control beam is controlled by driving an objective lens
actuator 317 with the control unit 323 such that the amount
of defocus of the control beam becomes equal to that of a
reflected beam from the bottom surface of the sample
container 311 (to be more precise, the interface between the
sample container 311 and the target 312 to be measured)
contained in the signal beam.

The controlled signal beam and the reference beam are
combined by the polarization beam splitter 324, whereby a
combined beam is generated. The combined beam is
reflected by a mirror 325, and is then guided to interference
optics 333 that include a half beam splitter 326, a A/2 plate
327, a A4 plate 328, condenser lenses 329a and 3295, and
Wollaston prisms 330 and 331.

The combined beam that becomes incident on the inter-
ference optics 333 is divided into two: a transmitted beam
and a reflected beam by the half beam splitter 326. The
transmitted beam passes through the A/2 plate 327 at which
the optical axis is set to about 22.5° with respect to the
horizontal direction, and is focused by a condenser lens
329aq, and is further split into two by the Wollaston prism
330, whereby a first interference beam and a second inter-
ference beam having a phase difference of 180° are gener-
ated. The first interference beam and the second interference
beam are detected by a current differential photodetector
334, whereby a signal 336 that is proportional to the
intensity difference between the first interference beam and
the second interference beam is output.

Meanwhile, the reflected beam passes through the A/4
plate 328 at which the optical axis is set to about 45° with
respect to the horizontal direction, and is focused by the
condenser lens 3295, and is further split into two by the
Wollaston prism 331, whereby a third interference beam and
a fourth interference beam having a phase difference of 180°
are generated. Herein, the third interference beam has a
phase difference of 90° from the first interference beam. The
third interference beam and the fourth interference beam are
detected by a current differential photodetector 335,
whereby a signal 337 that is proportional to the intensity
difference between the third interference beam and the
fourth interference beam is output. The thus generated
signals 336 and 337 are input to a signal processing unit 338
and are operated, whereby a signal that is proportional to the
amplitude of the signal beam is obtained. A tomographic
image of the target to be measured that is formed on the basis
of such signal is displayed on an image display unit 339.

Next, the function of the optics up to when a controlled
signal beam is generated will be described. The Jones vector
of a signal beam at a time point when the signal beam
becomes incident on the polarization beam splitter 307 after
being reflected by the target to be measured and the bottom
surface of the sample container is represented as follows.

0
Exi g + Exrr

Herein, B,  represents the complex amplitude of signal
beam components reflected by the target to be measured
(i.e., from the focus position of the objective lens), and E_,,.

represents the complex amplitude of signal beam compo-
nents reflected by the bottom surface of the sample con-

®
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tainer. Such complex amplitudes typically have different
amounts of defocus. In addition, the Jones vector of a control
beam at a time point when the control beam becomes
incident on the polarization beam splitter 307 after being
reflected by the flat plate 318 is represented as follows.

5]

Herein, the phase and the amount of defocus of the control
beam E, , are controlled by the piezoelectric element 313
and the objective lens actuator 317. The Jones vector of a
light beam, which is generated when the signal beam rep-
resented by Formula (1) is combined with the control beam
represented by Formula (2) by the polarization beam splitter,
is represented by the following formula.

Epeg
Exig + Exrr

Provided that the angle of the /2 plate 319 in the optical
axis direction is 6 degree, the Jones vector of the light beam
that has passed through the A/2 plate 319 is represented as
follows.

@

©)

( cos(26)  sin(26) Ereg “

sin(20) —cos(26) ][ Eyg + Euy ] =
E,0qc08(20) + (Ejg + E,)sin(260)
[ E,egsin(20) + (Ejg + Eg)c0s(20)

Accordingly, a signal I that is detected by the detector
322 after having passed through the polarization beam
splitter 320 is represented by the following formula.

1 5
Irp =5 f | Eregcos(26) + (Esig + Ex)sin(20) dr ®)
D

)

Herein, symbol r=(x,y) represents the coordinate vector of
the cross-section of the light beam, symbol D represents the
detection region, and symbol [, . represents an integration
operation in the whole range within the light beam. Symbols
dsigr $rrs and ¢, represent the wave front of a signal beam
reflected by the target to be measured, the wave front of a
signal beam reflected by the bottom surface of the sample
container, and the wave front of the control beam, respec-
tively, and include phase information and defocus informa-
tion on the respective beams. As described above, defocus of
the control beam is controlled by the objective lens actuator
317 such that the amount of defocus of the control beam is
always equal to the amount of defocus of a signal beam
reflected by the bottom surface of the sample container. That
is, defocus of the control beam is controlled such that

|EgiglPsin? (26) + | Eyy|*sin?(26) +
|E,L,g|2cosz(20) +
|E g1 Epeg I5in(40)c08(Byig — breg) + | dr
2| Eyeg|| Estylsin(40)cos(@reg — Psn) —
2| Earl| Esiglsin® (20)cos(psr — dsig)
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components that depend on the square of the absolute value
of the space coordinates r of ¢, becomes equal to that of
¢*”. The amount of defocus can be controlled by synchro-
nizing the movement of the objective lens 316 in the optical
axis direction with the movement of the objective lens 309
in the optical axis direction.

The phase of the control beam is controlled by the
piezoelectric element 313 such that Iz represented by
Formula (5) becomes maximum. In Formula (5), the values
of the fourth and fifth terms will change depending on the
phase of the control beam. The fourth term represents the
interference between the control beam and the signal beam
reflected by the target to be measured, and IE I<<IE,l,
|E,,|. Thus, it is smaller than the contribution of the fifth
term. Further, as the amount of defocus of the control beam
differs from that of the signal components reflected by the
target to be measured, a ring-like interference pattern is
formed on the detector 322, and such beams will not
uniformly strengthen or weaken against each other on the
detector 322. Accordingly, the rate of change of the value of
the fifth term in response to a change in the phase of the
control beam is smaller than that of the fourth term. Thus,
phase control of the control beam with the piezoelectric
element 313 is performed so as to approximately maximize
the fifth term in Formula (5). Thus, as a result of performing
defocus control and phase control, it is found that the
relationship between the wave front of the control beam and
the wave front of the signal beam components from the
bottom surface of the sample container satisfies ¢,,,=¢.,,.

Meanwhile, the Jones vector of the controlled signal beam
generated by being reflected by the polarization beam split-
ter 320 can be represented as follows using the relationship

Of q)reg:q)str'

0 ©

—cos(20) i
Esig + (| Estrl — | Evegltan(20))e™str

From Formula (6), it is found that by adjusting the
intensity of the control beam (IE,eglz) by adjusting the angle
of the A/2 plate 306 in the optical axis direction or by
adjusting the value of tan 20 by adjusting the angle of the A/2
plate 319 in the optical axis direction so as to satisfy
B, Itan 20~IE_,|, it becomes possible to allow the reflected
beam from the sample container and the control beam to be
cancelled out against each other. Such adjustment can be
easily performed by measuring the reflectivity of the sample
container in advance.

The controlled signal beam is combined with the refer-
ence beam by the polarization beam splitter 324, and the
thus generated combined beam of the controlled signal beam
and the reference beam is reflected by the mirror 325, and
then becomes incident on the interference optics 333. The
Jones vector of the combined beam at a time point when the
combined beam becomes incident on the interference optics
333 is represented by:

( Epe ]
Eg )

where B, -represents the complex electric field amplitude
of the reference beam, and E';,, represents the complex
electric field amplitude of the controlled signal beam. When

M
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IE, . ltan 26=~IE,,| is used, F';, can be approximately rep-

resented by the following formula.

sty

E'=—cos(20)E ;g ®
The Jones vector of a combined beam that has passed
through the half beam splitter 326 and has further passed

through the A/2 plate 327 is represented as follows.

] )

The combined beam represented by Formula (9) is split
into two: p-polarized components and s-polarized compo-
nents by the Wollaston prism 330, which are then differen-
tially detected by the current differential photodetector 334.
Thus, the detection signal 336 is represented as follows.

1 4
i~ [[be,

- f |\ Erglcos(@sy — )
D

+ Ergf

1/V2 -1/V2
[ En /N2 ) 2

1/¥2 1/¥2

[E,gf/\/?] 1(—E;‘-g
Eg

+ Eref

10

+E[*|dr

1
+ Epgr® - Zl_E;ig

Herein, ¢';;, and ¢, represent the phases when the com-
plex numbers B',, and B, .are represented in polar coordi-
nates, respectively. For the sake of simplicity, the conversion
efficiency of the detector is assumed to be 1.

Meanwhile, the Jones vector of the combined beam that
has been reflected by the half beam splitter 326 and has
further passed through the A/4 plate 328 is represented as
follows.

2

i/N2 1/V2
[1/\/7 i/V2

Ey /N2 1(i(E;;g —iE,p) ] (1
Erer / V2 E,

+iEf

’
sig

The combined beam represented by Formula (11) is split
into two: p-polarized components and s-polarized compo-
nents by the Wollaston prism 331, which are then differen-
tially detected by the current differential photodetector 335.
Thus, the detection signal 337 is represented as follows.

1

R Ty (12)
Q= A ZlExig +iEy|" - ZlExig

—iE, || dr

- f || B sin@, — ) dr
D

The above outputs are operated as follows by the signal
processing unit 338, whereby a signal that is independent of
the phase and is proportional to the intensity of the con-
trolled signal beam is obtained.

|E"; PIE, S2=P+Q?

i 13)

As described above, four interference beams each having
a phase difference of 90° are generated by the interference
optics 333, and are then detected, whereby a signal having
no phase dependence is obtained. However, in principle, a
similar signal can be obtained as long as the number of the
interference beams generated is greater than or equal to
three. For example, when three interference beams each
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having a phase difference of 60° are generated and detected,
the same signal as the signal represented by Formula (13)
can be obtained.

In this embodiment, a control beam with the controlled
defocus and phase is overlaid on a signal beam, whereby a
reflected beam from a sample container, which is contained
in the signal beam, can be cancelled out.

FIGS. 4 and 5 show examples of the results when a
reflected signal from the target to be measured shown in
FIG. 1 is acquired with the OCT apparatus of this embodi-
ment. Vertical resolution is 5 um as with the measurement
results of the conventional OCT apparatus shown in FIG. 2.
FIGS. 4 and 5 each show the measurement results of the
OCT apparatus of this embodiment. Specifically, FIG. 5
shows the results when the intensity of the reference beam
or the gain of the detector is increased than that of FIG. 4.

In FIG. 4, strong reflection from a sample container is
suppressed more than when the conventional OCT apparatus
in FIG. 2 is used. Thus, a peak that corresponds to reflection
from a cell can be confirmed at a position of z=10 pm.
Accordingly, the surface of the target to be measured or the
structure of the target to be measured around the measure-
ment target holding unit can be clearly visualized. In addi-
tion, as a strong reflected beam from the sample container is
suppressed, the detector will not be easily saturated. Thus, it
is possible to amplify the signal from the target to be
measured as shown in FIG. 5 by increasing the intensity of
the reference beam or the gain of the detector. Accordingly,
the surface of the target to be measured or the structure of
the target to be measured around the measurement target
holding unit can be visualized more clearly.

Next, the spatial resolution of the OCT apparatus of the
present invention will be described. Herein, spatial resolu-
tion in the optical axis direction is defined as the full width
at half maximum of a peak, which corresponds to a single
reflective plane, obtained when the objective lens is moved
in the optical axis direction. A signal that corresponds to
Formula (13) when the focus position is deviated from the
reflective plane by z is represented by the following formula.

14

. . 2z
5ig(2) = |EygP|E ey 'sinc - =NA?)

From the above formula, the full width at half maximum
of a signal from a single reflective plane, that is, spatial
resolution in the optical axis direction can be approximately
represented as follows.

0.886 A 15
TUUNA?

Herein, A represents the wavelength of a laser beam and
NA represents the numerical aperture of the objective lens
309. Typically, the wavelength of a light beam used in the
OCT apparatus is about 600 to 1300 nm that are difficult to
be absorbed by hemoglobin or even by water. For example,
provided that the numerical aperture of the objective lens is
greater than or equal to 0.4, spatial resolution in the optical
axis direction at a wavelength of 600 to 1300 nm is about 3.3
to 7.2 um. Thus, resolution in the optical axis direction that
is greater than or equal to that of the conventional OCT
apparatus can be achieved.

In addition, in this embodiment, the thickness of a region
of' the flat plate 318 through which a light beam passes is set
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so that spherical aberrations that are imparted to the control
beam by the flat plate 318 become equal to spherical
aberrations that are imparted to the reflected beam from the
sample container 311 by the sample container. Therefore, the
efficiency of interference between the control beam and the
reflected beam from the sample container improves. Accord-
ingly, the reflected beam from the sample container can be
cancelled out more precisely, and thus, the surface of the
target to be measured or the structure of the target to be
measured around the measurement target holding unit can be
visualized more clearly.

In this embodiment, it is also possible to acquire phase
information on a signal beam, which is based on the phase
of a reference beam, by performing the following operation.

el

Examples of the method for using the phase information
on a signal beam include imaging of cell activity such as the
one described in Non-patent Document 1.

Finally, the required accuracy for the defocus control in
the present invention will be described. Provided that the
amount of defocus of a control beam and that of a reflected
beam from the sample container (i.e., the distance from the
focus position of the objective lens to the reflective plane)
are z,,, and z,, respectively, the efficiency of interference
between the control beam and the reflected beam from the
sample container is represented by the following formula.

(16)

sinc(ﬂ- %NAZ) an

Herein, Az=z,-7,,. For example, in order to set the
contribution of a reflected beam from the sample container
to less than or equal to 10% of the conventional apparatus,
the value of Formula (17) should be greater than or equal to
0.95. At this time, the permissible amount of deviation Az of
the defocus control is represented as follows:

(18)

Az =<
2= b0 NaE

Herein, ¢, is a constant that satisfies sin ¢,=0.95, and is
about 0.5519. When the value is substituted into Formula
(18), the right side of Formula (18) is represented by
0.856M/(NAY?, and when A=0.780 pum and NA=0.4, for
example, the value of the right side of Formula (18) is 0.86
um. This is a value that can be realized by controlling the
objective lens actuator 317. When the value of Formula (17)
is greater than or equal to 0.95, the contribution of a reflected
beam from the sample container becomes less than or equal
to 10% of the conventional apparatus. Thus, the surface of
the target to be measured or the structure of the target to be
measured around the measurement target holding unit can be
visualized more clearly than with the conventional appara-
tus.

[Embodiment 2]

FIG. 6 is a schematic view showing another embodiment
of the optical measurement apparatus of the present inven-
tion. It should be noted that component parts that are
identical to those shown in FIG. 3 are denoted by identical
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reference numerals, and detailed description thereof will be
omitted. This embodiment differs from the first embodiment
in the method of generating a control beam and the method
of adjusting defocus of the control beam.

A laser beam is emitted from the light source 301. The
laser beam is converted into a collimated beam by a colli-
mator lens 302, and is subjected to polarization rotation by
a A2 plate 303 capable of adjusting the optical axis direc-
tion, and is further split into two by a polarization beam
splitter 304. One of the light beams split by the polarization
beam splitter 304 passes through a A/4 plate 308 at which the
optical axis is set to about 22.5° with respect to the hori-
zontal direction, as a signal beam, and thus is converted from
the s-polarized beam into a circularly polarized beam. Then,
the beam is focused onto and irradiates a target 312 to be
measured, which is arranged in a sample container 311, by
an objective lens 309 with a numerical aperture of greater
than or equal to 0.4. Herein, the objective lens 309 is moved
by an objective lens actuator 310 under the control of a
control unit 323, so that the focus position (i.e., measure-
ment position) of the signal beam is moved by the objective
lens 309. A signal beam reflected or scattered by the target
to be measured passes through the objective lens 309 again,
and is then converted from the circularly polarized beam
into a s-polarized beam by the A/4 plate 308. Then, the beam
becomes incident on the polarization beam splitter 304.

The other of the light beams split by the polarization beam
splitter 304 passes through a A/4 plate 501 at which the
optical axis is set to about 22.5° with respect to the hori-
zontal direction, as a reference beam, and thus is converted
from the p-polarized beam into a circularly polarized beam.
Then, the beam is reflected by a mirror 314 attached to a
piezoelectric element 313. Then, the beam is focused by an
objective lens 502 that is the same lens as the objective lens
309, and becomes incident on a plate 503 whose position in
the optical axis direction is controlled by a flat plate actuator
504 and that is substantially transparent to a laser beam. The
reference beam that has become incident on the flat plate 503
is partially reflected as a control beam from the rear surface
of the flat plate 503 (when seen from the incident direction
of a light beam), and is then reflected by the mirror 314
through the objective lens 502 again. Then, the beam is
converted from the circularly polarized beam into a s-po-
larized beam by the A/4 plate 501, and then becomes
incident on the polarization beam splitter 304. Herein, the
thickness and material of the flat plate 503 are set so that
spherical aberrations of the control beam are equal to
spherical aberrations of the reflected beam from the sample
container (more precisely, the interface between the sample
container 311 and the target 312 to be measured).

The control beam and the signal beam are combined by
the polarization beam splitter 304. Then, the combined beam
is subjected to polarization rotation by a A/2 plate 509
capable of adjusting the optical axis direction, and is then
split into two by a polarization beam splitter 324. One of the
light beams split by the polarization beam splitter 324 is
focused by a condenser lens 321 and is detected by a
detector 322. The other of the light beams split by the
polarization beam splitter 324 becomes a controlled signal
beam.

Herein, the phase of the control beam is controlled by
driving the piezoelectric element 313 with the control unit
323 such that the intensity of a light beam detected by the
detector 322 becomes maximum. In addition, defocus of the
control beam is controlled by driving the flat plate actuator
504 with the control unit 323 in synchronization with the
objective lens actuator 310 such that the amount of defocus
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of the control beam becomes equal to that of the reflected
beam from the bottom surface of the sample container 311
(to be more precise, the interface between the sample
container 311 and the target 312 to be measured) contained
in the signal beam. Further, spherical aberrations of the
control beam are adjusted by the thickness and material of
the flat plate 503 as described above.

The reference beam that has become incident on the flat
plate 503 and passed through the flat plate 503 passes
through a flat plate 505, and is converted into a collimated
beam by an objective lens 506 that is the same lens as the
objective lens 309. Then, the reference beam is reflected by
a mirror 507, and is converted from the circularly polarized
beam into a s-polarized beam by A/4 plate 508 at which the
optical axis is set to about -22.5° with respect to the
horizontal direction. Herein, the thickness and material of a
region of the flat plate 505 through which a light beam
passes are equal to the thickness and material of a region of
the flat plate 503 through which the light beam passes.
Accordingly, spherical aberrations of the reference beam
become equal to spherical aberrations of the signal beam,
and thus, a decrease in the efficiency of interference between
the signal beam and the reference beam can be avoided. The
controlled signal beam and the reference beam are combined
by the polarization beam splitter 324, whereby a combined
beam is generated. The combined beam is guided toward
interference optics 333 that include a half beam splitter 326,
a \/2 plate 327, a A/4 plate 328, condenser lenses 329q and
3295, and Wollaston prisms 330 and 331. The subsequent
operations are similar to those in Embodiment 1. Thus,
description thereof will be omitted.

In this embodiment, a control beam is generated by a
transmissive element (i.e., the flat plate 503). Thus, it is
possible to clearly visualize the surface of the target to be
measured or the structure of the target to be measured
around the measurement target holding unit using optics that
are simpler and more compact than the optics of Embodi-
ment 1.

In this embodiment, the flat plate 503 for generating a
control beam is inserted in the optical path of a reference
beam. However, similar functions can also be implemented
even when the flat plate 503 is inserted in the optical path of
a signal beam. In such a case, the objective lenses 502 and
506, the flat plates 503 and 505, and the flat plate actuator
504 are inserted between the polarization beam splitter 304
and the A/4 plate 308, and an element that controls the phase
of a signal beam is inserted between the A/4 plate 308 and
the objective lens 309, so that a phase difference between the
signal beam and the control beam is controlled.

In addition, in this embodiment, the thickness of a region
of' the flat plate 503 through which a light beam passes is set
so that spherical aberrations that are imparted to the control
beam by the flat plate 503 become equal to spherical
aberrations that are imparted to the reflected beam from the
sample container 311 by the sample container, whereby the
efficiency of interference between the control beam and the
reflected beam from the sample container improves. Accord-
ingly, the reflected beam from the sample container can be
cancelled out more precisely, and thus, the surface of the
target to be measured or the structure of the target to be
measured around the measurement target holding unit can be
visualized more clearly.

[Embodiment 3]

FIG. 7 is a schematic view showing another embodiment
of an optical measurement apparatus in accordance with the
present invention. It should be noted that component parts
that are identical to those shown in FIG. 3 are denoted by
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identical reference numerals, and detailed description
thereof will be omitted. This embodiment differs from
Embodiment 2 in that two interference beams are generated
by interference optics, and a piezoelectric element for rap-
idly modulating the phase of a reference beam is used.

This embodiment is substantially similar to Embodiment
2 up to a configuration in which a laser beam is emitted from
a light source 301 and a controlled signal beam is combined
with a reference beam to generate a combined beam. How-
ever, this embodiment differs from Embodiment 2 in that a
mirror 507 is mounted on a piezoelectric element 601 for
rapidly modulating the phase of the reference beam. The
combined beam is guided to interference optics 602 that
include a A/2 plate 603, a condenser lens 604, and a
Wollaston prism 605. The combined beam that has become
incident on the interference optics 602 passes through the
A2 plate 603 at which the optical axis is set to about 22.5°
with respect to the horizontal direction, and is focused by a
condenser lens 604, and is further split into two by the
Wollaston prism 605, whereby a first interference beam and
a second interference beam having a phase difference of
180° are generated. The first interference beam and the
second interference beam are detected by a current differ-
ential photodetector 334, whereby a signal 336 that is
proportional to the intensity difference between the first
interference beam and the second interference beam is
output. The signal 336 is represented by the following
formula.

I=4f, ‘E,sig‘ ‘Erefl CoS(Q' i~ P, )@

In this embodiment, the piezoelectric element 601 is
driven in acquisition of a signal, so that the phase of a
reference beam is modulated more rapidly than a change in
the phase of a signal beam that occurs while the objective
lens 309 is moved. FIGS. 8 to 10 are diagrams illustrating
signals that are detected when the objective lens 309 is
moved in the z-direction using the OCT apparatus of this
embodiment. Herein, FIGS. 9 and 10 show detection signals
that are obtained when the target to be measured has three
reflective planes as shown in FIG. 8.

FIG. 9 is a schematic view of a signal that is obtained
when the piezoelectric element 601 is not driven. In such a
case, the number of waves that are contained in an envelope
of a signal from a reflective plane is approximately given by
the (wavelength)/(peak width of the signal). The peak width
of a signal is represented by A/NA? where the wavelength of
a laser beam is A and the numerical aperture of the objective
lens is NA. Thus, (wavelength)/(peak width of the
signal)=1/NA?. For example, when NA=0.6, the value is
about 2.8. Thus, as the frequency of the envelope differs
from the frequency of waves that are contained in the
envelope only by about 2.8 times, it is difficult to apply
envelope detection and thus generate image data on the basis
of the detection signal. Meanwhile, when the piezoelectric
element 601 is driven, a signal such as the one shown in FIG.
10 is obtained. In such a case, the phase of the reference
beam is rapidly modulated while the focus position of the
signal beam passes through the reflective plane. Thus, the
number of waves that are contained in the envelope of a
signal from a reflective plane increases in accordance with
the speed of phase modulation. Thus, as the frequency of the
envelope greatly differs from the frequency of waves that are
contained in the envelope, it is possible to apply envelope
detection and generate image data on the basis of the
detection signal. That is, in this embodiment, a desired
signal can be acquired from a detection signal through

(19)
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envelope detection unlike in Embodiment 2. Thus, functions
that are similar to those in Embodiment 2 can be imple-
mented with less detectors.

It should be noted that the present invention is not limited
to the aforementioned embodiments, and includes a variety
of variations. For example, although the aforementioned
embodiments have been described in detail to clearly illus-
trate the present invention, the present invention need not
include all of the structures described in the embodiments.
It is possible to replace a part of a structure of an embodi-
ment with a structure of another embodiment. In addition, it
is also possible to add, to a structure of an embodiment, a
structure of another embodiment. Further, it is also possible
to, for a part of a structure of each embodiment, add/remove/
substitute a structure of another embodiment.

REFERENCE SIGNS LIST

301 Light source

302 Collimator lens

303,306,319,327 A/2 plate
304,307,320,324 Polarization beam splitter
308,315,328,501 A/4 plate
309,316,502,506 Objective lens

310,317 Objective lens actuator

311 Sample container

312 Target to be measured

313 Piezoelectric element

314,325,507 Mirror

333 Interference optics

326 Half beam splitter

321,329 Condenser lens

330,331 Wollaston prism

334,335 Current differential photodetector
338 Signal processing unit

323 Control unit

339 Image display unit

318,503,506 Flat plate

What is claimed is:

1. An optical measurement apparatus comprising:

a light source configured to emit a laser beam;

at least one first optical splitter configured to split the laser
beam into a reference beam and an other beam:;

at least one second optical splitter configured to split the
other beam into a signal beam and a control beam;

an objective lens configured to focus the signal beam onto
a target to be measured and irradiate the target to be
measured with the signal beam;

a first actuator configured to move a focus position of the
signal beam;

a second actuator configured to control an amount of

defocus of the control beam:;

a optical phase modulator configured to control a phase
difference between the control beam and the signal
beam,

wherein the at least one second optical splitter is further
configured to combine a signal beam reflected or scat-
tered by the target to be measured with the control
beam to generate a controlled signal beam;

interference optics configured to combine the controlled
signal beam with the reference beam to generate a
plurality of interference beams with different phases;

a photodetector configured to detect the interference
beams;

a controller configured to control the first actuator, the
second actuator, and the optical phase modulator.
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2. The optical measurement apparatus according to claim

1, wherein the objective lens has a numerical aperture of
greater than or equal to 0.4.

3. The optical measurement apparatus according to claim

1, further comprising at least one flat plate configured to
impart a spherical aberration to the control beam.

4. The optical measurement apparatus according to claim

1, wherein the second actuator is configured to control an
amount of defocus of the control beam so that the amount of
defocus of the control beam becomes equal to that of a beam
reflected by a surface of the target to be measured or by a
holding unit that holds the target to be measured, the
reflected beam being contained in the signal beam.

5. The optical measurement apparatus according to claim

1, wherein the second actuator controls the amount of
defocus of the control beam so that, provided that a wave-
length of the laser beam is A and a numerical aperture of the
objective lens is NA, a difference between the amount of
defocus of the control beam and an amount of defocus of a
beam reflected by a surface of the target to be measured or
by a holding unit that holds the target to be measured is
0.856)M/(NAY, the reflected beam being contained in the
signal beam.

6. The optical measurement apparatus according to claim

1, further comprising a wave plate configured to adjust an
intensity of the control beam contained in the controlled
signal beam.

7. The optical measurement apparatus according to claim

1, wherein

the interference optics generate four interference beams,

an interference phase of the signal beam and the reference
beam of each of the four interference beams differs
from one another by an integral multiple of substan-
tially 90°, and

pairs of interference beams are detected by a current
differential detector, each pair having a difference of
substantially 180° in the interference phase of the
signal beam and the reference beam.

8. The optical measurement apparatus according to claim

1, further comprising a second optical phase modulator
configured to modulate an optical path length difference
between the signal beam and the reference beam more
rapidly than a rate of change of an optical path length of the
signal beam that occurs while the focus position of the signal
beam is moved, wherein the interference optics are config-
ured to generate two interference beams, and the interfer-
ence beams are detected by a current differential photode-
tector.

9. An optical measurement apparatus comprising:

a light source configured to emit a laser beam;

at least one first optical splitter configured to split the laser
beam into a signal beam and a reference beam;

at least one plate configured to partially reflect one of the
signal beam or the reference beam as a control beam;

an objective lens configured to focus the signal beam onto
a target to be measured and irradiate the target to be
measured with the signal beam;

a first actuator configured to move a focus position of the
signal beam;

a second actuator configured to control an amount of
defocus of the control beam:;

a optical phase modulator configured to control a phase
difference between the control beam and the signal
beam,

wherein the at least one first optical splitter is further
configured to combine a signal beam reflected or scat-
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tered by the target to be measured with the control
beam to generate a controlled signal beam;
interference optics configured to combine the controlled
signal beam with the reference beam to generate a
plurality of interference beams with different phases;

a photodetector configured to detect the interference

beams;

a controller configured to control the first actuator, the

second actuator, and the optical phase modulator.

10. The optical measurement apparatus according to
claim 9, wherein the objective lens has a numerical aperture
of greater than or equal to 0.4.

11. The optical measurement apparatus according to claim
9, wherein the at least one plate comprises at least one flat
plate configured to impart a spherical aberration to the
control beam.

12. The optical measurement apparatus according to
claim 9, wherein the second actuator is configured to control
an amount of defocus of the control beam so that the amount
of defocus of the control beam becomes equal to that of a
beam reflected by a surface of the target to be measured or
by a holding unit that holds the target to be measured, the
reflected beam being contained in the signal beam.

13. The optical measurement apparatus according to
claim 9, wherein the second actuator controls the amount of
defocus of the control beam so that, provided that a wave-
length of the laser beam is A and a numerical aperture of the
objective lens is NA, a difference between the amount of
defocus of the control beam and an amount of defocus of a
beam reflected by a surface of the target to be measured or
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by a holding unit that holds the target to be measured is
0.856)\/(NAY, the reflected beam being contained in the
signal beam.

14. The optical measurement apparatus according to
claim 9, further comprising a wave plate configured to adjust
an intensity of the control beam contained in the controlled
signal beam.

15. The optical measurement apparatus according to
claim 9, wherein

the interference optics generate four interference beams,

an interference phase of the signal beam and the reference

beam of each of the four interference beams differs
from one another by an integral multiple of substan-
tially 90°, and

pairs of interference beams are detected by a current

differential detector, each pair having a difference of
substantially 180° in the interference phase of the
signal beam and the reference beam.

16. The optical measurement apparatus according to
claim 9, further comprising a second optical phase modu-
lator configured to modulate an optical path length differ-
ence between the signal beam and the reference beam more
rapidly than a rate of change of an optical path length of the
signal beam that occurs while the focus position of the signal
beam is moved, wherein the interference optics are config-
ured to generate two interference beams, and the interfer-
ence beams are detected by a current differential photode-
tector.



